Background: Preclinical studies have shown that the combination of chromium picolinate and biotin significantly enhances glucose uptake in skeletal muscle cells and enhances glucose disposal. The present pilot study was conducted to determine if supplementation with chromium picolinate and biotin can improve glycemic control in patients with type 2 diabetes mellitus with suboptimal glycemic control despite use of oral antihyperglycemic agents.
INTRODUCTION D
ESPITE COMPELLING EVIDENCE from outcomes trials that glycemic control reduces cardiovascular morbidity and mortality, 1,2 recent data from the National Health and Nutrition Examination Survey IV indicate that only a third of adults with diabetes mellitus (DM) achieve currently recommended glycemic targets. 3 Several lifestyle and pharmacological agents are available for the treatment of diabetes. Treatment, however, is often difficult and may require adjunctive therapy to available medications.
Data on the benefits of chromium supplements in diabetes management are inconclusive. 4 However, it has been reported that chromium deficiencies contribute to glucose intolerance, hyperglycemia, and hypertriglyceridemia as well as dyslipidemia. 4 Supplementation with chromium picolinate has shown promise in limited clinical studies. 4 Biotin is a water-soluble vitamin that is recognized as an integral component in a variety of carboxylation reactions, playing a role in glucose-stimulated insulin secretion, hepatic glucose uptake, and suppression of glucose synthesis in the presence of high plasma glucose. 5 Although supplementation with dietary biotin has been proposed to improve glycemic control, this has not been widely investigated in humans.
Earlier data from in vitro 6 and in vivo studies 7 using chromium picolinate and biotin have demonstrated greater effects on glucose disposal and lipid metabolism when these nutrients were combined. This pilot study was undertaken to demonstrate the effect of dietary supplementation with the combination of chromium picolinate (600 g of chromium/ day) and biotin (2 mg/day) on glycemic regulation and lipid metabolism in patients with type 2 DM who were receiving antidiabetic and lipid-lowering therapy.
SUBJECTS AND METHODS

Study design
The study was a 30-day, placebo-controlled, double-blinded, randomized, single-center clinical trial. The study protocol was approved by an institutional review board. All study subjects gave written and oral informed consent. Study subjects were assigned to the treatment or placebo group using a 1:1 randomization.
Patients
Participants included male and female, overweight or obese, volunteers (body mass index Ն25 kg/m 2 and Յ35 kg/m 2 ) between the ages of 18 and 65 years with persistent impaired glucose control (2-h glucose Ͼ200 mg/dL) and glycated hemoglobin (HbA1c) Ն7% with at least a 1-year history of type 2 DM. Patients were on stable oral drug therapy, including sulfonylureas, biguanides, and/or thiazolidinediones. No change in lifestyle modification was suggested during the period of the study. Patients on or requiring insulin were excluded.
Treatment
Patients were randomized to receive a combination of 600 g of chromium in the form of chromium picolinate plus 2 mg of biotin (Diachrome ® , Nutrition 21, Inc., Purchase, NY) and placebo for 4 weeks (30 days). Patients took one capsule per day in the morning for the duration of the trial. This formulation has proven to be bioavailable. Placebo capsules contained dicalcium phosphate and were identical to the treatment capsules in size, shape, and color. Prior to study approval, samples were tested for purity and were found to contain the stated amounts of chromium picolinate and biotin.
Assessment
Patients fulfilling selection criteria returned for fasting metabolic and lipid assessments [total cholesterol, triglycerides (TG), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), and apolipoproteins A (ApoA) and B (ApoB)] including a 2-h oral glucose tolerance test (OGTT) (0, 30, 60, 90, and 120 min) and measurements of fructosamine and insulin concentrations. Baseline and final urine chromium levels were assessed in order to determine compliance. Area under the curve for glucose (AUCg) was calculated using trapezoidal integration. 8 Patients completed daily diaries that documented: (1) their compliance with diabetes medications, assigned supplements, and other medications, (2) morning blood sugar levels, (3) exercise activity, and (4) any instances of illness or symptoms of hypoglycemia, as well as (5) any disturbance in their daily routine or any illnesses that occurred during the trial. Diaries were monitored midway though the study. Interview and diary review were evaluated for adverse reactions; pill counts were completed to determine compliance.
Statistical analysis
Analyses were performed to determine the effects of combination of chromium picolinate and biotin supplementation on postprandial glycemia and fasting lipids in patients with type 2 diabetes. Estimating pooled standard deviations of the means from previous studies, 9,10 the expected magnitude of the difference between means of 50% for 2-h glucose and 30% for AUCg achieved a power of estimate of 0.73 and 0.82, respectively, for a sample size of 10 and ␣ set to 0.05. The two-group t test procedure in SAS (Cary, NC) ASSIST (version 8.2) was used in all analyses. Change scores between groups were computed by comparing AUCg and 2-h glucose levels from baseline and Day 30. Similar analyses for changes in fasting blood glucose levels, fructosamine, insulin, lipids, and lipoproteins, and lipid ratios were calculated; the chronic effects of 4 weeks of supplementation was limited in the current sample size. Only data from patients who had baseline and final data and who were not protocol violators were used in the calculations.
RESULTS
One hundred fourteen patients were screened, 43 patients were randomized to treatment, and 36 patients fulfilled the inclusion/ exclusion criteria and provided evaluable data (treatment group, n ϭ 20; placebo group, n ϭ 16). Seven subjects were not included in the analysis; four subjects were protocol violators (one treatment and three placebo patients), and three subjects did not return for the final study visit (three placebo patients). The active and placebo groups were similar at baseline, without significant differences in age, sex, body mass index, blood pressure, or HbA1c (Table 1) . Baseline laboratory assessment of urine chromium levels, fasting glucose, insulin, fructosamine, lipid panel, and initial OGTT were similar between the groups. Despite the use of one or more hypoglycemic medications in addition to recommended lifestyle modifications, HbA1c levels at baseline were 9.2% and 8.8%, respectively, in the treatment and placebo groups. The difference in baseline HbA1c levels was not statistically significant. Both fasting glucose and 2-h postprandial glucoses were similar between groups. Urinary chromium concentrations were significantly elevated in the treatment group (P Ͻ 0.0001), but not placebo. 
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Glucose effects
Blood glucose levels assessed after 30 days of treatment revealed changes in blood glucose parameters (Table 2) . Mean postprandial glucose levels (total AUCg) significantly decreased after a glycemic challenge from 40,349 Ϯ 7,398 mg/dL (2,239 mmol/L) at baseline to 35,648 Ϯ 6,872 mg/dL (1,978 mmol/L) after 30 days in the treatment group (P Ͻ 0.05). The mean total AUCg increased in the placebo group from 38,329 Ϯ 6,941 mg/dL (2,127 mmol/L) at baseline to 39,978 Ϯ 9,145 mg/dL (2,219 mmol/L) after 30 days (P Ͻ 0.57). Glucose levels decreased in the treatment group at different time points compared with placebo (Fig. 1A) . Total AUCg reduction compared with baseline was statistically significant in the treatment group compared with placebo (P Ͻ 0.03) (Fig. 1B) . Mean change in fructosamine levels was significantly different between treatment and placebo groups: Ϫ23.0 Ϯ 56 mg/dL (Ϫ1.3 mmol/L) versus 12.9 Ϯ 33 mg/dL (0.7 mmol/L) (P Ͻ 0.03), respectively. Fasting plasma glucose decreased, but not significantly, in the treatment group compared with baseline (P Ͻ 0.0525).
Lipid effects
Effects of chromium picolinate/biotin on lipid metabolism were evaluated by comparison of total cholesterol, TG, HDL-C, LDL-C, TG/HDL-C, and lipid subfractions (ApoA and ApoB) after 30 days of treatment. A nonsignificant decrease in total cholesterol (Ϫ6%, P ϭ 0.29) was seen in the treatment group compared with baseline. HDL-C and LDL-C levels remained unchanged. Significant betweengroup changes were seen in TG levels (P Ͻ 0.02) and TG/HDL-C (P Ͻ 0.05). Nonsignificant reductions were seen in lipid subfractions ApoA and ApoB.
Tolerability
During the course of the 30-day study, supplementation with the combination of chromium picolinate and biotin was well tolerated. Sixteen subjects experienced a total of 19 adverse events. In the chromium picolinate and biotin group, six subjects experienced eight adverse events, while 10 subjects assigned to the placebo group experienced 11 adverse events. There was one significant adverse event of "abscess removal, right buttock" recorded in the placebo group, and no significant adverse events were recorded for the chromium picolinate/biotin group. Review of the adverse events revealed that adverse events were mild to moderate and not dissimilar from placebo. There were no reports of hypoglycemia.
DISCUSSION
Prevalence of uncontrolled diabetes continues to be a growing challenge and a major contributor to cardiovascular risk, 3 with insulin resistance playing an increasing role in dyslipidemia. [11] [12] [13] Despite current pharmacological and lifestyle modifications, many people with diabetes continue to have poorly controlled blood glucose levels. Current dietary consumption patterns of nutrients suggest that Americans may require nutritional supplementation in order to meet the requirement of essential nutrients as they age. 14 Micronutrient supplementation as a modality to improve glycemic control may represent an adjunctive strategy for improving diabetes management.
The current pilot study demonstrated that the combination of chromium picolinate with biotin improved AUCg, fructosamine, TG, and TG/HDL-C ratio in patients with poorly controlled diabetes when faced with a glycemic challenge. Effects on lipid metabolism were encouraging. The sample size and duration of the study preclude conclusions on long-term use, but identify trends for further investigation.
Dietary recommendations for chromium, an essential nutrient for glucose metabolism, are poorly understood. Effective assays to determine serum, urine, or tissue concentrations are not standardized. Chromium concentrations among different food types are not easily quantified because of a lack of standardized analytical methods. 4 Dietary chromium intakes and dietary deficiencies therefore cannot always be accurately determined. Several studies have reported that people in the United States have less than adequate intake of dietary chromium 4, 15 and a significant correlation of low chromium status with the risk of diabetes and cardiovascular disease. 16 In this study, urinary chromium concentrations were significantly elevated in the treatment group, indicating study medication compliance in patients randomized to receive chromium picolinate and biotin supplements.
Both chromium and biotin have been shown to play a role in multiple metabolic pathways, suggesting a possible benefit of supplementation in individuals who are deficient. 4, 5 Previous studies have reported that chromium picolinate supplementation has resulted in significant beneficial effects on HbA1c, glucose, insulin, and cholesterol variables in patients with type 2 DM and dyslipidemia. 4 Chromium picolinate supplementation has been reported to shortened QTc intervals in people with diabetes; QTc shortening is a surrogate for reduced insulin-induced activation of the sympathetic nervous system and reduced cardiovascular risk. 17 Direct effects on cardiovascular events, however, have not been carefully evaluated.
Multiple studies have examined the cardiovascular effects of elevated plasma glucose in the setting of OGTT. 18 Adverse effects of postprandial hyperglycemia have been demonstrated. Postprandial hyperglycemia has been implicated as having independent direct toxic effects on vascular epithelium. 19 The Framingham Offspring Study, 20 the Helsinki Policemen Study, 21 and the Islington Diabetes Survey 22 have all demonstrated that elevated 2-h postglycemic challenge glucose correlated with increased cardiovascular events better than HbA1c without a significant impact from fasting glucose levels. more than 22,000 patients without diabetes using a glucose challenge and found that 2-h postchallenge hyperglycemia was a better predictor of mortality than fasting glucose. 23 This study targeted the effects of glycemic management during a glucose challenge. Data from OGTTs demonstrated that patients who were supplemented with chromium and biotin adapted better to a glycemic challenge than patients on placebo. Treatment subjects achieved reduced glucose levels after 2 h compared with placebo subjects. Overall, the AUCg was significantly reduced in treatment group patients receiving the chromium picolinate and biotin supplement.
Fructosamine levels, a measurement of blood glucose levels over the 3 weeks prior to testing, significantly decreased in the treatment group compared with placebo, demonstrating improved glycemic control. Other studies have suggested positive benefits on HbA1c. 4 The duration of this study did not permit for meaningful evaluations of this measurement.
Mean fasting blood glucose and TG levels were elevated in the placebo group at the final visit. Data indicated that 12 of 16 subjects on placebo had higher fasting blood glucose levels after 30 days. Four subjects (two placebo and two treatment) had TG levels more than 2 SD above the mean. When these subjects were removed from the analysis, a significant difference in mean change in TG between treatment and placebo groups (Ϫ8.8 vs. 21.5, P Ͻ 0.03) was still noted.
Effects on lipid metabolism in the active chromium/biotin group trended favorably. This has been noted in other studies. 4, 5 Downward trends of TG, total cholesterol, and coronary risk lipid ratios in the active group may reflect increased efficiency in glycemic control; lipid subfractions were not, however, affected. Chromium picolinate/biotin supplementation effects on lipid metabolism remain uncertain, and further studies in a larger group and over a longer time period are indicated. A larger 400-patient, 3-month randomized placebo controlled study is ongoing to determine the effects of chromium picolinate/biotin on HbA1c and other risk factors in type 2 DM.
Supplementation with chromium picolinate and biotin was well tolerated in this study. Adverse events were limited and similar between groups. The safety of both chromium picolinate and biotin is well established; both are generally recognized as safe.
CONCLUSIONS
This pilot study demonstrated that the combination of chromium picolinate and biotin supplements in patients with poorly controlled diabetes receiving antidiabetic therapy positively affected glucose management as measured by the response to a glucose challenge and fructosamine levels. Chromium picolinate/biotin supplementation may represent an effective adjunctive therapy for patients with poorly controlled diabetes with dyslipidemia. Results of this study warrant further evaluation of the effects of this supplement on metabolic risk factors.
